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A prominent peak is observed in the forward-angle spectra of e particles if 3He is bom-
barded by 63.7-, 71.7-, or 81.4-MeV 0. particles. The energy of the peak is consistent with
a sequential decay process involving the 2.18-MeV state of 6Li. At 71.7MeV, proton spectra
measured at backward angles show that the cross sections for formation of Li (2.18 MeV)
agree with the intensity of the prominent e peak. The peak shape and position imply that the
0.'particles are preferentially emitted forward with respect to the original 6Li direction.
Two other peaks are observed in some of the G,'spectra, one of them possibly the result of
a sequential decay involving 5Li.

NUCLEAR REACTIONS 3He(0.', e'), (G., P), E= 63.7, 71.7, 81.4MeV; measured
o(E, 0).

I. INTRODUCTION

Spectra of a particles emitted at forward angles
from the bombardment of 'He gas by 63.7-MeV n
particles show a strong peak about 25 MeV below
the elastic peak. ' This peak was at first inter-
preted as inelastic scattering from a broad state
in 'He at about 20-MeV excitation, ' apparently
confirming the existence of a resonance in 'He for
which evidence had been found earlier in the radia-
tive capture of deuterons by protons. ' Additional
measurements at bombarding energies of 71.7 and
81.4 MeV show a similar peak, but its energy
corresponds to an apparent excitation of about
22.5 and 26 MeV, respectively. It was therefore
concluded that the peak is not produced by inelastic
scattering from 'He, and a brief Erratum to this
effect was published. '

The purpose of this paper is to amplify Ref. 3
and to present data on proton spectra measured at
backward angles. These results indicate that a
sequential decay process involving the first excited
state of 'Li is the most likely candidate for explain-
ing the prominent peak.

II. EXPERIMENTAL DETAILS

The o. spectra at 71.7 and 81.4 MeV were ob-
tained with a scattering chamber and target cell
different from those used in the 63.7-MeV experi-
ment, ' but the geometry was similar. The angular
acceptance of the telescope was +0.23', defined by
a front slit 0.76 mm wide, 26.4 cm from the cen-
ter of the chamber, and a rear aperture 1.52 mm
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FIG. 1. Spectra of n particles observed at 5 with (g)
and without (O) He gas in the target. The bombarding
energy was 81.4 MeV.

wide by 4.78 mm high, 54.4 cm from the center.
The defining slits were made of 0.64-mm gold.

The telescope consisted of two silicon counters,
a 292- p, m ~E counter and a 3-mm E counter, and
was used for detecting reaction products emitted
at forward angles. The E+ ~E energy scale was
calibrated by observation of the elastically scat-
tered n particles and recoil 'He at several angles
out to 38'.

The proton spectra at backward angles were ob-

1621



HALBEHT, VAN DEB WOUDE, AND O'FALLON

tained with a fully depleted 500- p, m silicon de-
tector about 21.6 cm from the center of the cham-
ber. The polar acceptance angle was x2.9'. No
special method of particle identification was pro-
vided since, as will be shown later, none was
necessary to pick out the proton groups of interest.
The energy scale was calibrated by a particles
from the decay of a '44Cm source.

The gas cell, placed at the center of the scatter-
ing chamber, was a hollow cylinder about 18 cm in
diameter with its axis perpendicular to the median
plane of the chamber. It had a single slot, 1.9 cm
high, covering a 240' angular range in the median
plane. The 'He gas, usually at a pressure of about
100 Torr, was contained by a 1.8-mg/cm' foil ot

type-H Kapton4 glued to the outside of the cylinder.
The bombarding energies quoted in this pape~

have been corrected for energy loss in the en-
trance foil (-0.2 MeV). The energy scale for each
spectrum was also corrected for energy loss in
the gas-cell window. The uncertainty in beam
energy was about +0.1 MeV. In most of the spec-
tra, the elastic peak was confined to about one
channel, indicating that the over-all energy reso-
lution was &0.4 MeV full width at half maximum
(F~IHM).

m. n SPECTRA

Figure 1 shows an example of an e spectrum at
81.4 MeV with and without 'He gas in the target
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FIG. 2. Gas-in-gas-out difference spectra of e particles at 4, 5, 7, and 11 for a bombarding energy of 81.4 MeV.
The points near 80 MeV &vere multiplied by ~. The full curves are least-sqaures fits to three Gaussian peaks on a
quadratic continuum. The dashed curves, arbitrarily normalized, shove the phase-space distribution for breakup into
three noninteracting particles.
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cell. It is clear that there is a prominent @-
particle peak due to the 'He. The gas-out back-
ground, which is free of peaks in this energy
region, decreases rapidly with angle; in the bom-
bardments at 71.7 and 81.4 MeV it was not mea-
sured beyond 5 .

At 81.4 MeV, n spectra were obtained at 4, 5,
7, 9, and 11'. Figure 2 shows the gas-in-gas-out
difference spectra for 4, 5, 7, and 11'. At 71.7
MeV, o, spectra were obtained at these angles and
also at 3.5, 13, and 15'. The gas-in-gas-out dif-
ference spectra at 71.7 MeV for 3.5, 4, and 5'
appear in Fig. 3. Spectra at 63.7 MeV showing
this peak for angles 4 to 13' appear in Ref. 1.

We will return in Sec. V to a detailed examina-
tion of the prominent a peak. Many of the spectra
show evidence for two additional peaks; these will
be discussed in Sec. VI.

IV. CROSS SECTIONS FOR Li FORMATION

Consider the sequential process

a+ He- p+ Li*

(2+d.

The first excited state of 'Li (2.18 MeV) is un-
stable to n+d breakup, with a width of 25 keV.
Since the 'Li* kinetic energy is ~50 MeV under
the conditions of these experiments, most of the
decays occur far from the region of initial inter-
action.

The energy imparted to the n particle by the
breakup is only 0.237 MeV. Consequently in the
laboratory system these e particles are confined
to a narrow cone about the initial direction of the
'Li*; only forward-emitted 'Li* nuclei can pro-
duce a forward-angle o. peak via process (1).
Measurement of the backward-emitted protons
would determine the yield of the corresponding
forward-emitted 'Li* particles.

Accordingly, proton spectra were recorded for
11 angles from 121.4 to 170.2 at a bombarding
energy of 71.7 MeV. Figure 4 shows two of these
spectra. The strongest peak in each one is at the
correct energy (about 5 MeV) for protons corre-
sponding to 'Li* (2.18 MeV), while the peak about
20 channels higher corresponds to the ground-
state protons. The 2.18-MeV peak is clearly visi-
ble in all 11 spectra. At the three most forward
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FIG. 3. Gas-in-gas-out difference spectra of Q. particles at 3.5, 4, and 5' for a bombarding energy of 71.7 MeV.
The points near 70 MeV were multiplied by ~~. The curves are least-squares fits to three Gaussian peaks on a
quadratic continuum. The dashed curve is the result of a calculation described in Sec. V.
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proton angles (127.4, 124.6, and 121.4'), no use-
ful ground-state data were obtained because the
range of these protons exceeded the detector thick-
ness. The 170.2' spectrum shows a weak group
(at channel 80) corresponding to protons leaving
'Li in its 3.56-MeV state. At angles forward of
152' this peak melts into the continuum.

The center-of-mass cross sections inferred
from the proton spectra are shown by the open
and closed circles in the left-hand side of Fig. 5

for the ground, 2.18-, and 3.56-MeV states. They
are plotted as a function of the equivalent 'Li
center-of-mass angle for greater clarity in the
discussion that follows.

The ground state of 'Li is particle-stable and
the 3.56-MeV state is knomn to decay only by y
emission. At forward angles, lithium particles
corresponding to both of these states were identi-
fied with the ~, E telescope. The cross sections
derived from the 'Li observations are shown by
the triangles in Fig. 5. These results are in satis-
factory agreement with those from the proton
yields.

The diamonds in Fig. 5 show 'Li* (2.18-MeV)
cross sections calculated from the area of the
prominent n peak at laboratory angles of 3.5, 4,
5, and 7' on the hypothesis that the n particles
come from breakup of this state. ' These results

are in satisfactory agreement with the proton
yields. We conclude that (at least for Vl.7 MeV)
the n+ d fragmentation of 'Li* (2.18 MeV) provides
sufficient numbers of o. particles to account com-
pletely for the intensity of the prominent peak.

The 81.4-MeV telescope data at forward angles
also included 'Li groups corresponding to the
ground state and 3.56-MeV state. The cross sec-
tions inferred from these data are indicated by
triangles on the right side of Fig. 5. Also shown
are diamonds representing the 'Li* (2.18-MeU)
cross section, again obtained from the n yield in
the main peak. The cross sections for each group
at this energy are about 30% lower than those at
71.7 MeV; the angular distributions are very simi-
lar.

V. CHARACTERISTICS OF THE MAIN PEAK

In the n spectra at 63.7 MeV, ' the main peak is
easily seen at angles as large as 11 . For the
higher beam energies it is weaker and cannot be
seen at a1.1 at some angles.

A least-squares peak-fitting procedure was ap-
plied to all the spectra. As pointed out earlier,
some of the spectra show two additional peaks.
For simplicity, the three peaks were represen-
ted by Gaussians and the underlying continuum by
a quadratic. This procedure converged satis-
factorily for all of the spectra having peaks ob-
vious to the eye. fn some spectra (the 81.4-MeV
spectrum at 7', Fig. 2, and all the spectra not
shown), the peaks were very weak or absent, and
the least-squares procedure did not produce sta-
tistically reliable area determinations.

The main-peak areas that appeared to be trust-
worthy mere used to calculate the laboratory cross
sections shown in Table I. Results from the 63.7-
MeV data are included for completeness. The
decrease of intensity of the main peak with in-
creasing angle and beam energy is clear. To

TABLE I. Laboratory cross sections in mb/sr for the
main e peak.
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convert these results to c,m. cross sections for
formation of 'Li* (2.18 MeV), as was done to pro-
duce the diamonds in Fig. 5, the laboratory cross
sections should be divided by a factor of 17 to 21,
the exact number depending on angle and energy.
All results in the table are uncertain by about
+10'%%uq because of systematic effects involving er-
rors in geometry, beam integration, and the like.
The cross sections are subject to an additional un-

certainty due to the arbitrary choice of peak and
continuum shapes, which in unfavorable cases
might be appreciably greater than 10%%u&.

Some of the a particles from 'Li* breakup may
enter the telescope together with the associated
deuteron. The resulting pileup pulse would appear
far from the e-particle locus of the hE, E+hE
data array. An examination of the data array
showed that the number of events possibly due to
pileup was well below 0.01/p of the main-peak in-
tensity, in agreement with estimates based on the
geometry.

The position and shape of the peak are deter-
mined by details of the reaction and subsequent
breakup. The n energies corresponding to 8', the
angle of emission of the n in the 'Li* c..m. system

measured from the original 'Li* velocity, of 0
and 180 are shown by the full lines in Fig. 6. For
a given angle of observation, the maximum and
minimum 0. energies are somewhat outside the
values for 8'=0 and 180'. The effect is no more
than a few tenths of an MeV for angles up to 5',
but increases with angle. For example, at 63.7
MeV, the 8'=0' energy for u particles observed
at 15' is 32,4 MeV while the maximum calculated
energy is 34,9 MeV; the latter corresponds to
emission of 'Li* at about 12 to the beam direction
followed by breakup with 8'-40'. The dashed
lines in Fig. 6 just above the 8'=0' curves show
these maximum energies. A more complete pic-
ture of the limiting n energies is given by the
dashed lines in the 63.7-MeV portion of Fig. 6.
Note that the kinematic relations have a second
branch for 'Li* angles &12', corresponding to
forward emission of the proton in the first step
of process (1).

The main-peak centroids and widths (FWHM)
from the least-squares fits are shown by the full
points and flags in Fig. 6. We now ask, what
values of 8' may be inferred from the observed
centroid energies? Kinematics does not lead to a
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unique answer because the original 'Li* direction
is unknown. However, we find that the centroids
always correspond to 0' in the range from 0 to
about 60'. There are practically no particles in
the main peak with energies corresponding to
6)'-90'. As mentioned in the next section, there
is evidence for n particles at energies corre-
sponding to emission at 0' near 180', but this
group is weaker than the main peak.

A nonuniform c.m. angular distribution is also
exhibited in the sharpness of the observed peaks.
As an example, a calculation of the peak shape for
n particles observed at 4 was made in which it
was assumed that in the c.m. system the a parti-
cles were emitted uniformly in solid angle. This
distribution was transformed to the laboratory
system with weighting of the 'Li* (2.18-MeV) in-
tensity according to the proton data of Fig. 5. The
result, arbitrarily normalized, is shown by the
dashed curve in the 4 spectrum of Fig. 3, po-
sitioned on a base line of about 8000 counts/chan-
nel. The calculated peak is much flatter than the
observed peak and is about twice as wi. de.

We conclude that forward emission of the a
particles from the 'Li* breakup is favored.

In some spectra a small fraction of the n parti-
cles in the main peak have an energy greater than

the maximum possible for breakup of 'Li* (2.18
MeV). Higher-energy n particles can arise from
sequential decay via higher excited states of 'Li;
the proton spectra of Fig. 4 show evidence for
formation of such states.

VI. OTHER n-PARTICI. E PEAKS

Many of the spectra show evidence for one peak
above and one below the prominent one. Figures
2 and 3 show least-squares fits to sums of three
peaks op a smooth continuum. The open points in
Fig. 6 show the centroids and widths of these ad-
ditional peaks for all angles at which statistically
reliable values for these quantities were found.
The areas of these additional peaks were not well-
determined, but were generally between —,

' and ~

of the main-peak intensity.
The lowest peak has an energy that is consistent

with backward emission of n particles from break-
up of 'Li* (2.18 MeV). This peak is absent from
the 63.'7-MeV data because of an instrumental cut-
off.

To find a plausible explanation for the highest
peak we must consider other processes that can
give rise to n particles. The following sequential
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decays are possible in addition to process (1):

n+'He- d+'Li

++P y

e+'He- n+'Be

Q+2p q (3)

n+'He- p+ n+ 'Li

Q+P q (4)

n+'He- p+p+'He

n+n. (5)

Simultaneous breakup is also possible, into three
final-state particles

Q+ He~ A+p+d

or four final-state particles

n+'He- a+p+p+n.

(6)

Let us first dispose of (6) and (7). If there are
no interactions among the particles in the final
state, the n spectra should be characterized by
the appropriate phase-space distribution without
sharp structure. As shown in Fig. 2, three-body
phase space matches the underlying continuum
rather poorly. Four-body phase space, which
would be appropriate for (7), rises even more
steeply and the fit would be worse. Unsatisfactory
fits were also obtained for other spectra showing
no peaks. We conclude that simultaneous breakup
without interactions among the final-state particles
by itself does not account for the shape of the
underlying continuum.

We return to consideration of the peaks. Pro-
cesses (4) and (5) are not expected to give a well-
defined e peak since the precursor of the n parti-
cle in each case comes from a three-body breakup
and thus may have any energy over a wide range.

Process (3) is difficult to characterize simply
because the 'Be nucleus breaks up into three par-
ticles. If the two protons are emitted as a dipro-
ton, the possible n energies are similar to those
for process (1) (shown by curves in Fig. 6}, ex-
cept that they are approximately 5-10% lower.
Thus forward c.m. emission of the n particle with
both protons going backward can contribute to the
main peak. However this contribution should be
small since the ground state of 'Be is an isobaric
analog of the 3.56-MeV state of 'Li, and (as shown
in Fig. 5) the latter is formed with about ~2o the
intensity of the 2.18-MeV state. This expectation
is in agreement with a fact already noted, that the
2.18-MeV cross section is sufficient to account

for all the n particles in the main peak.
Another limiting case for the 'Be breakup occurs

when the protons go off in opposite directions in
the c.m. system, leaving the n particle at rest.
In the laboratory system this transforms to an a
particle moving forward with an energy almost
midway between the limiting cases of the previous
paragraph. The a energies from all other 'Be de-
cays are also between these values. We conclude
that the 'Be breakup cannot be responsible for the
highest peak.

We are left with only process (2) to account for
the highest peak. The ground state of 'Li may
contribute since it is particle unstable. Its width
is about 1.5 MeV; the shaded regions of Fig. 6
show the range of a-particle energies corre-
sponding to this width for breakup angles of 0 and
180'. (As was true of the 'Li* breakup, the 0 and
180 loci do not correspond strictly to the maxi-
mum and minimum energies. However, the dif-
ference here is smaller; even at 15' the maximum
energy is only 2.5% higher than the 0' energy. )
Figure 6 shows that the energy of the highest peak
is generally consistent with forward emission of
a particles from the ground-state breakup of 'Li.

The 4 and 5 points at 81.4 MeV appear at an
energy that is somewhat too high. Decay via an
excited state of 'Li can give n particles of higher
energy. The first excited state of 'Li is very
broad (I -3-5 MeV} and may not give rise to a
well-defined peak. On the other hand, the second
excited state (16.65 MeV) is fairly sharp. Decay
of this state can produce 4' a particles as high as
74.4 MeV, even without allowance for its width
(I' =0.3 MeV).

It may be noted that the main n peak has the cor-
rect energy for backward emission from the 'Li
ground state, although as pointed out above, its
intensity can be completely accounted for by for-
ward breakup of 'Li* (2.18 MeV). Direct observa-
tion of the backward deuterons from (2) would have
been interesting. Unfortunately, those emitted at
angles beyond 125 have insufficient energy to
penetrate the window of the gas cell.

VII. OTHER EXPERIMENTS

a spectra from the bombardment of 'He by
42-MeV u particles were published by Warner,
Vincent, and Boschitz' at 17.5, 20, 22, and 25'.
A small yet distinct bump appears at about 20 MeV
in their 17.5 spectrum; a hint of one occurs near
16 MeV in their 20' data. Neither bump has been
satisfactorily accounted for. The corrected' peak
energies at both angles are too high to have been
due to process (1}, but are within the range pos-
sible for process (2). Again the observed bumps
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are narrower than the full energy range and cor-
respond to preferentially forward emission of the
e particles from 'Li.

Recent work' with 115-MeV u particles on 'He

failed to reveal any peaks from 4 to O'. This is at
least qualitatively consistent with our observation
that the peaks become increasingly difficult to see
as the bombarding energy increases.
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